a Tracking stem cells in vivo using non-invasive techniques is critical to evaluate the efficacy and safety of stem cell therapies. Superparamagnetic iron oxide nanoparticles (SPIONs) enable cells to be tracked using magnetic resonance imaging (MRI), but to obtain detectable signal cells need to be labelled with a sufficient amount of iron oxide. For the majority of SPIONs, this can only be obtained with the use of transfection agents, which can adversely affect cell health. Here, we have synthesised a library of dextranbased polymer coated SPIONs with varying surface charge from −1.5 mV to +18.2 mV via a co-precipitation approach and investigated their ability to be directly internalised by stem cells without the need for transfection agents. The SPIONs were colloidally stable in physiological solutions. The crystalline phase of the particles was confirmed with powder X-ray diffraction and their magnetic properties were characterised using SQUID magnetometry and magnetic resonance. Increased surface charge led to six-fold increase in uptake of particles into stem cells and higher MRI contrast, with negligible change in cell viability. Cell tracking velocimetry was shown to be a more accurate method for predicting MRI contrast of stem cells compared to measuring iron oxide uptake through conventional bulk iron quantification.
Introduction
Stem cell-based regenerative medicine therapies (RMTs) are of great potential to treat a wide range of conditions owing to their ability to promote regeneration of host tissue. 1, 2 To evaluate safety and efficacy of stem cell therapies, it is necessary to monitor the fate of stem cells in vivo using non-invasive imaging techniques such as magnetic resonance imaging (MRI). MR-based cell tracking requires the cells of interest to be labelled with a contrast agent prior to administration, thus allowing them to be discriminated from the host cells. 3, 4 Superparamagnetic iron oxide nanoparticles (SPIONs) are ideal candidates as MRI contrast agents as they only become magnetised under the influence of an external magnetic field and are often preferred over metal lanthanide complexes for biocompatibility reasons and increased paramagnetism per mole of metal ion. 5 To utilise SPIONs for cell tracking, particles require sufficient colloidal stability in physiologically relevant media such as a pH buffer for storage and cell culture media for incubation and labelling of cells. 6 There are examples of SPIONs that are soluble in aqueous buffers at various pH and ionic strength, yet aggregate in cell culture medium. [7] [8] [9] When particles are placed into cell culture medium, a 'protein corona' forms that is specific to the nature and charge of the particle coating. 4, 10 Whilst there are more studies emerging focussing on the composition of the protein corona for particular systems, 11, 12 it remains difficult to predict and could be key to particle stabilisation. Polymers are widely investigated as coatings for iron oxide particles, 6, 13, 14 and do prevent aggregation in cell medium at high polymer to iron oxide ratios. 15, 16 Dextran, a biocompatible polysaccharide, consisting of α-1,6 linked D-glucose is the most widely used coating for SPIONs for stem cell labelling in vitro and in vivo. 17, 18 In par-ticular, the two clinically approved SPION based contrast agents were both based on dextran (Endorem™ UK and Resovist®). They were both removed from the market in 2009. 5 These products were not initially developed as contrast agents for stem cell labelling and were therefore not optimised for cell uptake. To increase uptake, a post-modification step is required, 19, 20 or use of transfection agents 21, 22 which can sometimes be toxic. 23 The use of polycation coatings is starting to become more popular as they facilitate uptake through binding to the cell-membrane. 5, 9, 24 It is still not well understood if the positive charge leads directly to uptake, or if the positive charge incorporates more specific proteins into the corona that can then lead to uptake. Whilst polycations have been shown to increase uptake, like transfection agents, they can also be toxic. 25 In addition, there are reports that some SPIONs, including dextran coated particles, 26 can cause toxicity at high labelling quantities due to oxidative stress. This is thought to be due to a by-product of iron oxide breakdown at physiological pH and in some cases this has been shown to be coating-or cell specific. [26] [27] [28] There are now more studies emerging to address biological applications, focussing on synthesis, characterisation and surface properties of SPIONs. 29 A different approach could be to tailor the surface charge of a polymer system for increased uptake in cells. This would enable the direct comparison between increased uptake and cell safety; it would also allow the determination of how much iron oxide is required within cells to obtain satisfactory MRI contrast. Here, we report how the surface charge of SPIONs can be manipulated for increased uptake and MRI contrast of mesenchymal stem/stromal cells (MSCs). DEAE-Dextran was one of the first transfection agents used to transfer DNA/RNA into cells, 30 After cooling to room temperature the reaction mixture was dialysed repeatedly using 100 K membrane until the particle solution reached pH 7. The particles were then passed through g100 Sephadex® beads using water as the mobile phase and spin-filtered 3 times using 15 mL water and spinning until 1 mL was left in the filter compartment. All particles were passed through a sterile 0.22 µm polyethersulfone syringe filter prior to cell labelling.
Cell uptake and cytotoxicity. A multipotent murine mesenchymal stem/stromal cell (MSC) line (ATCC CRL-12424) was grown in Dulbecco's Modified Eagle's Medium (DMEM, Sigma) containing 10% fetal calf serum (FCS, Gibco) at 37°C under a humidified atmosphere with 5% CO 2 . For SPION labelling, 5 × 10 4 cells were seeded in each well of a 24-well plate and allowed to attach and grow for 24 h. After this period, the cells reached approximately 50% confluency. The culture medium was then replaced with 400 µL of fresh medium containing the SPIONs and the cells were allowed to grow for a further 24 h. After the labelling period, the cells were carefully washed with phosphate-buffered saline (PBS) to remove excess contrast agent and used for downstream studies. For Prussian blue staining, cells were fixed with 4% formaldehyde and stained with an iron stain kit (Sigma) according to the manufacture's instruction. Images of the cells were acquired with a Leica DM IL inverted microscope coupled to a DFC420C camera. The intensity of the side-scattered light of trypsinised cells was measured in a FACScalibur flow cytometer (BD Biosciences). Intracellular iron quantification was carried out using a slightly modified version of a previously reported colourimetric method. 35 Briefly, cells were trypsinised, counted and then 10 5 cells were suspended in 1.2 M hydrochloric acid and digested for at least 2 h at 75°C. After digestion, the Table 1 Amounts of polymer used in each co-precipitation reaction
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This samples were allowed to cool down and 30 µL of fresh ferrozine reagent (6.5 mM Ferrozine, 13.1 mM neocuproine, 2 M L-ascorbic acid and 5 M ammonium acetate, all from Sigma) was added to the sample. The absorbance of coloured reaction product was measured at 570 nm and compared to a standard curve prepared with an iron standard (TraceCERT™, Sigma). Cell tracking velocimetry measurements were performed with cells trypsinised, fixed with 4% formaldehyde, stained with 4′,6-diamidino-2-phenylindole (DAPI, Life Technologies) and suspended in 30% (v/v) glycerol. Data were acquired using a system based upon the instrument developed by Chalmers et al. 36 Further details about the set-up can be found in the ESI. † Cytotoxicity was evaluated via the quantification of cell viability after labelling. For this purpose, 1 × 10 6 cells were seeded in each well of a 96-well plate and labelled as previously described. After labelling, medium containing 10% CCK-8 reagent (Sigma) was added. After an incubation period of approximatively 3 h the absorbance at 450 nm was measured and compared to that of control (unlabelled) cells.
Characterisation
Ultraviolet-visible spectroscopy (UV-vis). UV-vis measurements were carried out on a Thermo Scientific 2000c nanodrop spectrophotometer. Measurements were conducted at 37°C in a cuvette with a path length of 1 cm.
Powder X-ray diffraction ( pXRD). pXRD measurements were carried out using a Panalytical X'pert Pro multipurpose diffractometer with a CoK α source (λ = 0.178 nm). Patterns were measured from 20-120 2θ for 2 h. The mean core diameter (D m ) was calculated by using the fit profile tool on X'Pert Highscore plus software to obtain the full width half maximum (FWHM) of the 311 reflection and application of the Scherrer equation:
where K = shape factor (0.9), 37 λ = the wavelength of the cobalt source, β = full width half maximum measured at 2θ B ≈ 41°-corresponding to the 311 planes and θ B = the Bragg angle. Pawley refinement was performed using Topas academic software to compare the synthesised particles to a structural model. 38, 39 Lattice parameters were fixed to that of the known structure of Fe 3 O 4 40 with background, peak shape and zero error parameters refined. Dynamic light scattering (DLS) and zeta potential (ZP). Measurements were carried out using a Malvern Zetasizer Nano ZSP instrument. ZP measurements were carried out in a 0.01 M NaCl solution.
Thermogravimetric analysis (TGA). Measurements were carried out on a TA Instruments SDT Q600 TGA machine using a constant air flow of 100 mL min −1 . Samples were heated up to 120°C at a heating rate 10°C min −1 . The samples were kept at 120°C for 20 minutes to remove any water, then ramped to 1000°C at a heating rate of 10°C min −1 .
Superconducting quantum interference device (SQUID) measurements. Magnetisation was measured at 300 K using a SQUID magnetometer (MPMS XL-7, Quantum Design, USA). Samples were measured up to a maximum applied field of 2 T under helium atmosphere. Freeze-dried samples (0.5-1.5 mg) were fixed in a size 4 gelatin capsule suspended in the middle of a plastic drinking straw.
Freeze dryer. Samples for TGA and SQUID measurements were freeze dried using a Labconco freezone 4.5 freeze-dryer with a condenser temperature of -50°C and a shelf temperature of 20°C.
Magnetic resonance imaging (MRI). Magnetic resonance data were acquired with a Bruker 7 T Avance III instrument using a 38 mm transmit/receive quadrature volume coil. The SPIONs were suspended in 1% low-melting temperature agarose (Sigma) loaded into 200 µl polypropylene tubes which were held in place with a sample holder allowing their axial imaging. To obtain the longitudinal relaxivity of the SPIONs, T 1 /T 2 maps were generated using a modified Rapid Acquisition with Refocused Echoes (RARE) sequence with variable repetition times (TR) of 5000, 3000, 1500, 800, 400 and 200 ms, and echo times (TE) of 11, 22, 55, 77 and 99 ms. Paravision 5.0 (Bruker Biopsin) was used to determine the mono-exponential decay in signal intensity as a function of TE and recovery of signal as a function of TR. The respective relaxation time constants T 2 and T 1 were then used to compute the relaxations rate R 2 and R 1 (taken as the reciprocal of the relaxation time constant). Data are only presented for T 2 , though in every case enhanced T 2 relaxation was accompanied by enhanced T 1 recovery.
For cell measurements, cells were trypsinised and fixed with 4% formaldehyde, resuspended in 40 µL of 1% lowmelting temperature agarose and loaded into 100 µL polypropylene tubes between two layers of agarose containing no cells. The tubes were then mounted in fresh agarose and imaged longitudinally with a Turbo RARE T 2 -weighed sequence with the following parameters: field of view 30 × 30 mm, matrix 256 × 256, slice thickness 1.0 mm, effective TE 33 ms, RARE factor 8, TR 2741.9, averages 4, flip angle 135, scan time 350 s. The relaxation time was obtained with the same sequence as used for free particles.
Results and discussion
The surface charge of SPIONs was manipulated by increasing the ratio of FITC-DEAE-Dextran to dextran in the co-precipitation synthesis (Table 1) , increasing the overall amount of amine groups on the surface of SPIONs (Scheme 1). For this study, a modified co-precipitation synthesis protocol similar to that described by Molday 33 and Paul, 34 was employed. To obtain particles with a high coverage of polymer and satisfactory colloidal stability in cell medium, the mass to mass (m/m) polymer to iron salt ratio was adjusted to ∼4 : 1. 8 To ensure a high proportion of magnetite, a 2 : 1 ratio (m/m) of FeCl 3 · 6(H 2 O) and FeCl 2 ·4(H 2 O) was chosen in line with previous studies reporting iron oxide cores containing more that 95% magnetite. [41] [42] [43] For example, this ratio has been shown to lead to pure magnetite by Jiang et al. on the basis of XPS data. 43 To study the relationship between surface charge, cell uptake and toxicity, it was important to remove any impurities after the synthesis such as free polymer and residual ammonium hydroxide.
To this end, the particles were first dialysed until the particle solution reached pH 7. The solution was then passed through dextran-based g100 sephadex® size exclusion beads to separate any excess free polymer. Spin filters were employed to provide an extra washing step; this method was preferred over normal centrifugation to avoid complete sedimentation of particles which hinders redispersion. All SPIONs were passed through a sterile 0.22 µm polyethersulfone (PES) membrane to remove any potential microbial contamination prior to administering to cells. Systematic variation of the dextran ratio led to a range of SPIONs with increasing positive charge. As the percentage DEAE-Dextran content in the polymer mixture is increased from 0 to 100%, the zeta potential increases from −1.5 mV to 18.2 mV (Table 2 ). There is a progressive shift in the distribution of zeta potential as the amount in DEAEDextran is increased (Fig. 1) . The hydrodynamic diameters (Z-Avg) in 0.01 M NaCl and phosphate buffered saline (PBS) were all less than 50 nm (Fig. S1 , Tables S1&2 †), and whilst there are slight differences in Z-Avg and core size, this is expected when using different polymer systems which may have different affinities for precipitating nanoparticles. 8 The particles were imaged by TEM (Fig. S2 †) and the average core size was calculated using the Scherrer equation by measuring the full width half maximum (FWHM) of the 311 reflection from the pXRD patterns of SPIONs (Fig. S3 †) . This method was selected to reduce error arising from a noisy baseline, a characteristic corresponding to high percentage polymer content. 15 A Pawley refinement on the sample containing 0% DEAEDextran was used to show that the resulting patterns were in agreement with the known patterns of magnetite (Fig. S4 †) . The percentage polymer content was determined using thermogravimetric analysis (TGA). The percentage mass loss between 120°C and 1000°C was attributed to loss of polymer, and any remaining material after the heating cycle was quantified as iron oxide (Fig. S5 †) . In all cases, there was no polymer remaining above 400°C. Using a polymer to iron salt ratio (m/m) slightly above 4 : 1 for the co-precipitation resulted in samples containing between 85-92% polymer. We used a high polymer/iron salt ratio so the samples would be colloidally stable in both PBS and cell culture media. Dextran has groups that can bind to iron oxide through functional groups within the whole polymer; some researchers have proposed a wrapping conformation of polymer around the iron oxide core. 6 One issue with this model is that it is fairly certain that all of the polymer chains will not be bound in exactly the same conformation and having control over this would be extremely difficult. The thick layer is likely a combination of different conformations of polymer around the iron oxide surface but also polymer swelling as we are measuring hydrodynamic diameter using DLS.
The library of particles was tested for colloidal stability in PBS and DMEM containing 10% FCS. SPIONs were dispersed into the corresponding media at a concentration of 50 µg mL −1 of iron and incubated at 37°C. The absorbance at 400 nm was measured over a period of 14 days as a measure of particle stability. This is possible given that particle instability and aggregation results in their sedimentation at the bottom of the cuvette, thus leading to a decreased absorbance at the optical path. No change in the absorbance intensity was observed for solutions prepared with each of the SPION samples in either media ( Fig. 2A and B) . When the absorbance values were normalised to the values obtained at 0 days there was very little variation observed over a period of two weeks. This data demonstrates that the polymer-coated SPIONs are colloidally stable for cell labelling (usually 24 h or less). Furthermore, the presence of serum does not affect their colloidal stability. This satisfies an important requirement since specialised media containing serum and/or additional growth factors is necessary for the maintenance of stem cell phenotype (Fig. S6 †) . Fig. 3 compares the magnetic response of the particles series. There is an agreement between particle relaxivity at 7 T and the measured magnetisation at 2 T (raw data are presented in Fig. S7 & S8 †) . The images at the top of Fig. 3 correspond to the particles as obtained with a RARE sequence at an echo time of 33 ms and a repetition time of 5000 ms, evidencing the stronger negative contrast obtained for the SPIONs with the highest relaxivity. Previous studies have shown a correlation between the core size of SPIONs and their magnetisation and relaxivity, but it is also accepted that grafting density of the shell can affect these properties. 4, 8 For this particular system, we have observed a significant decrease in core size when using 25% DEAE-Dextran that was correlated with a decrease in magnetisation at 2 T and relaxivity at 7 T. For all other samples, magnetisation at 2 T was close to 110 emu g −1
[Fe] and the relaxivity was over 85 mM
generation is considered, however, one must take into account that once SPIONs are internalised, the relaxivity can be dramatically decreased. 44, 45 It is therefore necessary to optimise SPION uptake in order to maximise cell contrast. Flow cytometry was used as a high throughput method to qualitatively assess the uptake of the different SPIONs by stem cells, as evaluated by changes in the side-scattered light. The side-scatter indicates the granularity of the cells and this is a useful technique for monitoring particle uptake, because the degree of granularity will be dependent on the extent of particle uptake (Fig. S9 †) . 46 In Fig. 4A , the mean intensity of the side-scattered light is plotted as a function of labelling concentration. The uptake after a 24 h labelling time increased with the proportion of DEAE-Dextran. For the following studies, a nominal labelling concentration of 50 µg mL
[Fe basis] was used. The quantification of intracellular iron content revealed a steady increase in the uptake of SPIONs (Fig. 4B ) that correlates with their zeta potential and is in agreement with the data obtained via flow cytometry. Importantly, there was a 6-fold increase in the intracellular iron content of cells labelled with 100% DEAE-Dextran SPIONs as compared with cells labelled with 0% DEAE-Dextran (measured with a ferrozinebased colorimetric method; 3.8 ± 0.7 pg per cell vs. 0.6 ± 0.1 pg per cell). These results clearly show that control of uptake can be achieved through manipulation of surface charge. To examine the magnetic properties of labelled cells at a single From the results, one can clearly observe that there is a wide distribution of uptake within each of the conditions, which is not evident when performing bulk colorimetric measurements as presented in Fig. 4B . Interestingly, cells labelled with SPIONs synthesised with 25% DEAE-Dextran exhibit a magnetic velocity that is lower than cells labelled with SPIONs produced with 0% DEAEDextran, although colorimetric assays showed a higher intracellular amount of iron. This is attributed to the intrinsic lower magnetisation of those SPIONs, as shown by the measurements at 2 T (Fig. 3) . This highlights the benefits of this technique as it is sensitive not only to the bulk amount of iron taken up by cells, but also the cell's magnetisation, which arises from SPION uptake and their physical properties. 48 Importantly, we have not seen any changes in cell viability when cells were labelled with the different SPIONs (Fig. 5B) , suggesting no cytotoxic effects originating from these materials at the concentrations and timescale studied here. The iron-specific Prussian blue staining (Fig. 6 ) displays a typical perinuclear staining confined to the intracellular space only, without evidence of any extracellular aggregates, as expected from the colloidal stability of these SPIONs in cell medium. The staining intensity is correlated to the amount of DEAE-Dextran present in the samples, and in agreement with the intracellular iron quantification, that is, a weak staining for samples labelled with particles synthesised with 0, 25 or 50% DEAE-Dextran and a more intense staining for samples synthesised with 75 and 100% DEAE-Dextran. Importantly, no changes in cell morphology and/or proliferation are seen for the labelled cells. The enhanced uptake for positively charged SPIONs was also observed for mouse and human kidney derived stem/progenitor cells (KSPCs) (Fig. S10 †) . To assess whether SPION labelling was effective as a means to generate contrast using magnetic resonance, cells labelled with each of the SPIONs were imaged via MRI using a T 2 -weighed sequence. Fig. 7A presents images of tubes containing three layers of agarose, were the middle layer contains 3 × 10 5 labelled cells. A negative contrast is observed for cells that have been labelled with SPIONs in respect to control (unlabelled) cells. This is most evident for those containing 75% and 100% of DEAE-Dextran, reflecting their higher uptake. SPIONs generate contrast by reducing the T 2 relaxation time. The relaxation time of all labelled cells was shorter than that of control (unlabelled cells) as plotted in Fig. 7B . The decay in relaxation time is proportional to the amount of SPIONs taken up, with the exception of cells labelled with the samples containing 25% DEAE-Dextran. This is likely to be a consequence of lower saturation magnetisation measured for these SPIONs (Fig. 3) , and is also consistent with the reduced mean magnetic velocity (Fig. 5A) . The magnetically induced cell velocity, as well as relaxation, is largely determined by the saturation magnetisation of the SPIONs, whereas the nominal iron measurements as obtained via colorimetric methods do not probe the magnetic response. We thus suggest that when comparing cells labelled with magnetic materials that might have substantial differences in their magnetic properties, CTV is a better proxy for predicting cell MRI contrast than the nominal uptake of iron. This is the first time magnetophoretic mobility of cells has been correlated with their MRI contrast.
Conclusions
To study the effect of surface charge, focussing on one variety and molecular weight of polymer is important as cellular uptake of SPIONs have been shown to be both coating and charge dependant. We have synthesised a series of colloidally stable SPIONs with surface charges ranging from −1.5 mV to +18.2 mV using commercially available 40 000 Da dextran polymers in a co-precipitation approach. We have demonstrated that manipulating the surface charge by varying the amine content within the polymer coating can give a degree of control over stem cell uptake. The most positively charged SPIONs provided a 6-fold uptake in MSCs with respect to neutral dextran and this was also observed for other stem cells. Importantly, magnetophoretic mobility of cells was shown to accurately predict the resultant MRI contrast of stem cells after labelling compared to other characterisation methods, as it is sensitive to both uptake and magnetisation of individual cells. We acknowledge that DEAE-Dextran is not clinically approved and may face the same hurdles as other polymer coatings prior to its use in the clinic. However, the functionalisation strategy presented here allows for control of safe uptake into stem cells, which is a requirement before its clinical assessment.
